Contamination of water resources with components of manure is a significant concern in Ontario. One aspect is the potential for bacterial transport through the vadose zone to groundwater following field application of manure. One obstacle to characterizing the movement of faecal bacteria in the vadose zone is the sampling of soil solution for bacteria. Porous-cup suction samplers are commonly used in estimating solute transport through this zone. However, there is little information on the calibration of such samplers for estimating numbers of bacteria in soil solution. This paper reports an attempt to make such a calibration. Tests were camed out under laboratory conditions which simulated the sampling of soil solution under field situation. As the suction applied was less than the air entry value for the ceramic porous cups used, the saturation status of the medium surrounding the cups was only important in terms of the number of colonies-forming units collected and not whether they were detected. The results indicated that although there were limitations in the use of the porous-cup suction samplers for bacterial sampling because of filtration effects, such samplers could be used for field collection of faecal bacteria from soil solution in situations with contrasting initial boundary conditions.
Introduction

Background
Manure management has become a major concern in Ontario over the last decade because of issues of odour control, nutrient management and contamination of water resources. Research on ground water contamination resulting from the use of manure has mostly been directed at the contamination by excess nitrate because of imbalances between the nitrogen inputs and outputs on cropped fields. Goss et al. (1998) showed that from 1950 to 1992, while there was no evident change in the well water contamination with NO<, the number of wells in Ontario showing faecal bacterial contamination increased from 15 to 25%.
Animal manure may constitute a point source for contamination (e.g., confinements, barns, exercise yards and manure storage facilities) or a diffuse source for water contamination after application to land surfaces. A large number of fish kills have been traced back to land spreading of liquid manure, and the manure was found to enter the surface waters through drain tile systems (Environment Canada 1997) . Such reports indicate that faecal coliforms from animal manure have the potential to contaminate the ground water by travelling through the vadose zone (the unsaturated zone above the ground water) after animal manure has been applied to land surfaces.
Although there is information on potential faecal coliform contamination of ground water being caused by septic systems and leaching beds (Klepper et al. 1987; Hagedom 1984) , little information is available relating the presence of faecal coliforms in groundwater to the field application of manure. One major problem in characterizing the transport of faecal coliforms to ground water following field application of manure results from difficulties in collecting the bacteria suspended in the soil solution. In the vadose zone, the water is generally under negative pressure and energy is required to extract the solution.
Collection of Faecal Coliforms from the Vadose Zone
Few methods have been reported for estimating the concentration o f bacteria in soil and soil solution, but they offer a wide range of approaches. Estimation of bacterial movement in the vadose zone may be made by collection of soil samples over various depths (Natsch et al. 1996) , collection of water drained from tile drainage systems or by collection of soil solution in the vadose zone using sampling devices which allow collection of soil solution but restrict soil particles from entering the samples. While the soil sampling may give very detailed information on spatial distribution (horizontal and vertical), it can offer only a snapshot of bacterial movement through the vadose zone. Once the soil samples are collected, the profile is disturbed and no further sampling can be done at the same location. By collecting water from drainage tiles, the bacteria transport can be estimated over time by repeat sampling. However, the results are averaged over the whole area drained by a certain drainage tile. Tile drainage may also change the pattern of drainage through the unsaturated zone by providing a direct path for the drainage flow. Nonetheless, the best description of faecal coliforms transport through soil could be obtained by collection of soil solution in situ directly from the vadose zone. Simmons and Baker (1988) have used zero-tension samplers to collect soil solution. These samplers have been proven useful for macropore systems with a saturated flux. However, for collection of soil solution in unsaturated conditions, porous-cup suction samplers have been widely employed. Porous-cup suction samplers have mostly been used for the purpose of evaluating the movement of solutes through soil (Wood 1973; Hansen and Harris 1974) . Porous-cup suction samplers have also been used to estimate the content of dissolved gases in the soil solution (Davidson and Firestone 1988) . Krejsl et al. (1996) have tested a number of methods that can be potentially used for monitoring the bacterial transport in the vadose zone, including the use of ceramic porous-cup suction samplers. Only 6% of the coliform bacteria actually went through the ceramic cup walls. However, these samples were collected over long periods of time using constant suction, which can lead to sigruficant changes in the filtration characteristics of the cups (Hansen and Harris 1974) . This problem required Krejsl et a]. (1996) to average the bacterial transport rate over the whole period of the experiments. We were unaware of any attempts to calibrate porouscup suction samplers for bacterial sampling in the soil vadose zone and recognized the need for developing a protocol for monitoring the bacterial movement within the vadose zone. The efficiency of soil solution sampling using porouscup suction samplers depends on the level of contact between the porous cups and soil matrix and also on the soil-water content. As long as the negative potential applied inside the porous cups is less than the air entry value for the ceramic material, an equivalent pressure potential is created over the surface of the cup. Consequently, the state of saturation of the surrounding soil should not affect the quality of the obtained samples, but only the quantity of solution collected. When the pressure potential inside the cup is considered in relationship to the tension potential of the surrounding soil volume, the largest potential gradient will exist between the cup and soil zones, with a pressure potential closer to zero, such as in saturated soil pores, and water will preferentially enter the cup from such locations.
Based on the above considerations, it was reasonable to conclude that the qualitative calibration of the ceramic porous-cup suction samplers for the field collection of bacteria from the unsaturated vadose zone could be reasonably achieved under laboratory conditions under watersaturated sampling conditions.
Commercially available ceramic porous cups used for the suction samplers contain kaolin, alumina, ball clay and other feldspar materials. Therefore, they have a certain cation-exchange capacity. Yet over a longer contact period with the soil matrix, the cup is generally assumed to reach cation exchange equilibrium, and therefore this effect on sampling is considered minimal (Soilmoisture Equipment Corporation 1992) .
The size of faecal coliforms is between 0.5 to 2 pn in diameter and 1 to 4 pm in length, while the pore size of the ceramic porous-cup suction sampler with one bar air entry value ranges from 1.4 to 2.9 p. A filtration effect could be expected for such materials (Krejsl et al. 1994) . Constant suction over long periods of time may induce the pores in the cup walls to be excessively plugged (Hansen and Harris 1974) . Therefore, restricted periods of applied suction need to be considered. In addition to the sampling errors that may be induced by bacterial filtration through the ceramic porous-cup suction samplers, other factors may influence the bacterial counts.
The following sources also account for the variation in the number of colony-forming units (CFUs) of faecal coliforms detected. (1) Detection limit (DL): the DL represents the number of CFUs per unit volume of soil solution when it can no longer be detected by culturing a sample under the required growth and resuscitation conditions. Therefore, the DL represents the minimum concentration of faecal coliform CFUs in soil solution detected by the ceramic-suction-cup method. The DL levels are estimated assuming a uniform distribution of the faecal coliforms in the soil solution and in the collected samples. Therefore, the higher the sample volume, the higher the accuracy of prediction at lower concentration levels. Errors in the estimates are also more likely to occur at lower faecal coliform concentrations. (2) Viable but non-culturable bacteria: the plate-counting method determines accurately the active bacterial cells while the cells which entered the starvation-survival state may not produce colonies (Chmielewski and Frank 1995) , and therefore the total count may underestimate the total viable cell count (Barer et al. 1993; Wilson and Lindow 1992) . Although pathogenic viable but non-culturable cells may maintain their virulence (Colwell 1993) , they can be detected only by direct detection methods (Huq and Colwell 1996) . However, Bogosian et al. (1996) showed that decline in the Escherichia coli K-12 strain W3110 counts in sterile and non-sterile soil and water at different temperatures was not due to the cells entering the viable but non-culturable state, but is simply due to their death. (3) Interaction with other heterotrophic microorganisms: the presence of other heterotrophic microorganisms in the soil solution sample may obstruct the development of the faecal coliform colonies on the growth substrate by overgrowth, injuring the coliform cells and therefore reducing the number of CFUs (LeChevalier and McFeters 1983) . (4) Bacteria in soil compared to bacteria in soil solution: sampling of faecal coliforms using porous-cup suction samplers collects only bacteria existing in the soil solution at a given moment. Bacteria attached reversibly (Stozky 1985) to soil particles may not be accounted for. Hence, sampling cannot estimate the full potential for contamination that exists due to later bacteria detachment. Repeat sampling may reduce this deficiency of the sampling method.
Coliform bacteria are gram-negative, nonsporing, facultative anaerobic rods that ferment lactose with gas production within 48 h at 3S°C (Clesceri et al. 1989 ). The laboratory test for the identification of faecal coliforms uses a temperature of 445°C. Under these conditions, non-faecal coliforms are not expected to survive, and only the more thermoresistant faecal bacteria thrive (Clesceri et al. 1989) . Such tests applied to water samples are also considered to indicate the presence of Escherichia coli (Clesceri et al. 1989 ). Edberg and Smith (1994) showed that as the frequency of contamination increased there was a greater number of CFUs correspondence between faecal coliforms that could be identified as Escherichia coli. This is because Escherichia coli is able to grow better than other faecal coliforms under such conditions. However, about 15% of Klebsiella spp. are also thermotolerant (Edberg and Smith 1994) . As preliminary tests indicated the prevalence of Escherichia coli from the group of total coliforms present in the solid beef-cattle manure (log CFU 8.55 per 100 g fresh manure out of a total coliform number of log CELT 8.77 100 g per 100 g fresh beef-cattle manure), it is likely that they constitute most of the CFUs identified in the faecal coliform tests employed.
Materials and Methods
For the calibration experiment, ceramic porous-cup suction samplers with an air entry value of one bar were used (Soilmoisture Equipment Corp., Santa Barbara, CA). At this maximum value, the equivalent diameter of pores in the ceramics was calculated to be 2.9 p.m. The specifications of the ceramic cups provided by the manufacturer indicated that the equivalent pore diameter ranged between 1.4 and 2.9 pn. The experiments were performed under laboratory conditions at a temperature of about 20°C.
A bacterial-manure dilution was prepared according to the standard method for collection of bacteria from soil samples (Klute et al. 1986 ), but with the use of fresh solid beef-cattle manure instead of soil. In brief, fresh solid beef-cattle manure was added to 95 mL of 0.85% NaCl solution. The NaCl was added to limit the death of faecal bacteria due to osmotic shock (Klute et al. 1986 ). Glass beads were added to the mixture to facilitate manure dispersion during mechanical shaking for 20 min at 120 to 135 rpm. The resulting supernatant was stepwise diluted (1:9) (Klute et al. 1986 ), up to an approximate faecal coliform concentration of 103 to 104 CFU mL-1. These dilutions were used for the subsequent experiments. The dilutions were prepared daily and kept at 4' C until they were used. However, standard dilutions were not kept for more than 24 h.
For each experiment, a number of ceramic porous-cup suction samplers ( Fig. 1) were used in each treatment (Table 1 ). The porous-cup suction samplers were inserted into the standard solution. Each sampler was connected through a tube manifold to a vacuum pump generating a vacuum of about 400 to 500 rnrn Hg (53 to 66 kPa). This facilitated the simultaneous collection of solution in all samplers. After the vacuum pump had been in operation for a specific period of time, it was disconnected from the samplers, allowing air at atmospheric pressure to enter the sampler chamber, which then forced the water sample in the chamber to move into the glass collection vessel held under vacuum (VacutainersTM with a volume of 7 mL) (Fig. 1) .
Samplers with new ceramic cups and samplers that had been used previously in field experiments were used in this study. The samplers that came from the field had been used for the monitoring of solute transport. Soil from the surface of the samplers was washed off with deionized water. The samplers were also tested for the presence of faecal coliform bacteria and those found to be contaminated were eliminated from the study.
A preliminary experiment was carried out to identdy the effect of the surface charge properties of the ceramic suction samplers on faecal coliform detection. Fifteen new cups and ten cups recovered from the field were used. A contact period of less than 1 rnin was followed by a suction time of 5 m i . . There was no significant difference in the number of CFUs detected between these two groups of ceramic porous-cup suction samplers (Fig. 2) ' a common line accounting for 93% of the variability. Consequently, in further study, the results for new and used cups were combined.
Three separate investigations addressed (a) the possibility that bacteria moved by diffusion through the cup pores (diffusion experiment), Log CFU 100 on the number of CFUs detected (contact experiment), and (c) the effect on the number of CFUs detected of the time for which the ceramic suction samplers were connected to the vacuum pump (suction-time experiment). For the dissolution experiment, nine solution samplers were inserted in a beaker containing bacterial-manure dilution and left, with samples being collected at different intervals up to 21 h (Table 1) . No supplementary suction was used to draw solution through the wall of the cups, and only the vacuum in the glass collection vessel contributed to the removal of samples. For the contact experiment, twelve solution samplers were inserted in a glass beaker containing manure-bacteria dilution and left to soak for periods of 1,15 or 30 min, after which the suction was applied for 5 min (Table 1) . For the suction-time experiment, ceramic porous-cup suction samplers were placed in a beaker containing manure-bacteria dilution. Suction was applied within 1 min of insertion and applied for periods of 1 and 15 min. One set of samplers were removed from the dilution after 3 min, but suction was maintained for the next 12 min (3-+12-min treatment) ( Table 1 ). This last treatment was designed to simulate the conditions when, in soil, under unsaturated conditions, the contact between the cup and soil-solution would be effective for a shorter period of time than that for which the vacuum pump operated. For each experiment, the volume of solution collected ranged between 2 and 7 mL. At the same time, as samples were collected with ceramic suction samplers, control samples of the manure-bacteria dilution were collected with a pipette, without filtration.
Estimation of Bacterial Counts in the Collected Samples
Faecal coliform numbers in the solution samples were determined by the membrane filter (MF) method. The samples were filtered under vacuum through a 0.45-pm pore-size membrane, and the filter placed in a petri dish, over a substrate of M-FC broth with rosolic acid solution, solidified through the addition of agar (Clesceri et al. 1989 ). The pore size in this type of filter has a high capacity for retaining the faecal and total coliform cells without cells passing through (Shirey and Bissonnette 1992) . The petri dishes were incubated for 24t-2 h at 44.5OC. The high temperature favoured the survival of the faecal coliforms, which are thermophilic, and the ehination of other non-thermophilic coliforms. After incubation, the colonies on each plate were counted. Metallic-blue colonies were identified as faecal colifoms and counted. The results were expressed as the number of equivalent CFUs per 100 mL of sample. When deemed necessary, a confirmatory test was performed. The confirmatory test used was a presence-absence test, which is a modification of the standard MPN test, as presented by Clesceri et al. (1989) . Colonies assumed to be of faecal coliforms were collected from the MF plates using a thin wire loop, suspended in lauryl-tryptose broth, and incubated for 24 to 48 h at 44.5OC. Incubation ceased when gas from lactic fermentation collected in inverted collector tubes inserted in the broth. Positive samples as well as samples showing signs of organic growth were subsampled and mixed into an inositol brilliant green lactose bile broth. The samples that formed gas over 48 h were considered as confirmed positives containing faecal coliforms.
Data Analysis
The plate-counts were loglo transformed, and predictive values calculated using an inverse probability density function assuming a Poisson distribution. Thus, the different treatments could be compared even if the number of replicates varied. As the samples obtained from the experiments had variable volumes, for the purpose of data analysis values were expressed as CFU 100 mL-1. After the transformation of the results obtained with small sample volumes to CFU 100 mL-1, a value of 1 was added to all values. Thus, the values of zero CFU could be included in the analysis as log 0.
Results
There was no sigruficant diffusion of faecal coliforms through the ceramic porous-cup walls over a period of 21 h (Table 2) . Thus, the only way faecal coliforms would be transported into the ceramic porous-cup suction samplers should be by advection with water under applied suction.
For both sets of the remaining experiments -suction-time experiments and contact experiments -a comparison between the actual and the predicted cumulative probability distribution values, obtained by means of employing a Poisson distribution, was carried out. The Poisson distributions were obtained using the means of the experimental data presented in Table 2 . The regression coefficients obtained indicated that the predicted cumulative distributions were a good representation of the actual data, and therefore it was appropriate to use them in further analyses (Table 3) . The errors associated with the predicted cumulative distributions were between 2 and 20%. The greatest error was found in the case of the 30-rnin contact treatment and was associated with the relatively small number of samplers used. The regression analysis was carried out to compare the efficiency of each treatment (Table 4 , Fig. 3 and 4) . The intercepts on the ordinate (y axis) were negative, indicating the potential for the samples collected through the ceramic porous-cup suction samplers to show values of 0 CF'U at smaller concentrations of bacteria in the soil solution. The analysis of sigruficance was performed by comparing the probability distribution functions for each treatment in an ANOVA test. A t test was also carried out for each case to verify the results obtained with the ANOVA tests (Table 5) . For the contact experiments, results from treatments with a longer contact period were closer to the actual values than were those from the treatment with the 1-min contact period (Table 4 ). The standard errors o f the intercepts and the slope values showed smaller differences between the 15-and 30-min treatments (Table 4 ). The analysis of significance (using p ~0.05) showed that the effect of the contact time was different over the range tested (Table 5) . However, the sigruficance of the difference between the two treatments with longer contact period (15 and 30 min) was smaller, with a P value of approximately 0.04. In the contact experiment, the regression of the number of CFUs detected using the suction samplers on the number present in solution had a slope that was sigruficantly different for each treatment.
An increase of the suction time resulted in differences in slope between treatments that were highly and very highly sigruficant between treatments (Table 4) . The ANOVA and the t test results indicated that there was no sigruficant difference in the probability distribution of the bacterial counts obtained with the porous-cup suction samplers for the 15-and 3-+12-min suction-time treatments, although the differences between these two treatments and the 1-min suction-time treatment were highly significant and respectively significant ( Table 5) .
The probability distribution function of bacterial counts was also used to estimate the probability for the samples obtained, for each of the 
E. mli in solution Log Cl?U 100 mL-'
-I rnin -15 min--.SO min treatments considered, to indicate a false apparent 0 (zero) due to filtration effect caused by the use of ceramic porous-cup suction samplers (Table 6 ). This probability was highest for the 1-min suction-time treatment with no previous solution-cup contact. The lowest probability for false non-detectable CFU counts appeared to occur for the 30-and 15-min contact treatments. The detection limit was also improved (lowered) with increasing sample volume. 
Discussion
Comparison of new solution samplers and solution samplers recovered from the field did not indicate any difference, suggesting that the neutralization of the negative surface charge occurred very quickly once the cups were in contact with manure solution (and presumably soil solution).
Bacterial diffusion was insignificant even after 21 h. Hence, the only way that the faecal colifoms penetrated through the porous ceramic walls was by advection with water. Therefore, the motility of bacteria could be considered part of the advection term when using ceramic cup suction samplers. As there were no differences between new and used samplers, the anion exclusion effect could also be ignored as a factor affecting the detection of bacteria.
Results of the contact experiments clearly suggested that an initial contact period between cups and solution, prior to applying suction, greatly improved the chances for obtaining a representative sample (Fig.  3) . The observed filtration effect declined markedly between initial contact periods of 1 and 15 min, with little further improvement when the contact period increased to 30 min.
A comparison of the contact experiment data with results obtained in the suction-time experiment indicated that the contact period was more important than the duration of the suction for influencing the number of CFUs in the sample. Differences in plate counts were more likely caused by movement of bacterial cells into the entrance of pores at the cup surface, so that they were readily available when suction was applied. This suggests that although a minimum contact period is necessary, its duration is sufficiently short that it could safely be ignored in the context of field sampling regime.
The suction-time experiments (Fig. 4) showed that differences between the treatments with longer suction times (15 and 3 min +12 min) and the 1-rnin treatment were highly significant. Longer suction times showed improved collection efficiency but there was no significant difference between the 15-and 3-+12-min treatments (Table 4) . Correlation coefficients between the predicted bacterial distributions in samples and control treatment were greatest for the longer suction times, which provided samples having a better representation of the bacterial solution outside the cups.
Sources of Error Detection limit
The actual intercept value on the abscissa ( x axis [ Fig. 3 and 41 ) from the regression equation represents the DL for a 100-mL sample and therefore the lowest potential DL with this method.
Filtration effect
The intercept values obtained (Table 4) indicated that the use of this particular type of cup did not allow a precise estimation of the bacterial concentration in soil solution to be determined once it reached some lower level. This level was the function of both suction time and contact period. The actual levels of bacteria concentration in soil solution below which plate counts were likely to be zero ranges from 103 to 102 CFU 100 mL-1 for a 100-mL sample and 107 to108 CFU 100 mL-1 for a 1-mL sample. However, only a short period of contact between cups and solution reduced the levels of the possibly undetected concentrations to 102 CFU 100 mL-1 or less if a potential sample of 100 mL is considered and 104 to 105 CFU 100 mL-1 for a potential sample of 1 mL.
By using the regression equation and giving different values to the plate counts (CFU/100 rnL) equivalent to a count of 1 CFU for a givenvolume of sample, the effect of reduced sample volume could be estimated (Table 6 ). As expected, the DL decreased with increased sample volume.
Conclusions
As there was no sigruficant difference between the new ceramic porous-cup suction samplers and the ones recovered from the field, the time the porous-cup suction samplers have been in soil previously to the sampling can be considered as not having a significant influence on the sampling results.
As no diffusion effect was noted within 21 h, the effect of bacterial diffusion through the porous-cup walls can be ignored for the field experiments.
The laboratory results indicated that the effects of contact period between cup and soil solution may be ignored for field experiments on the assumption that contact would have already occurred for a period much greater than 15 min prior to sampling.
While suction times over 1 min appeared necessary, a suction time of approximately 15 min was quite sufficient for a sample of a reasonable quality, and a suction time of 5 min, as applied for the contact experiment, would not be significantly different either.
As there was no significant difference between the 15-and the 3-+12-min suction-time experiments, the regression equation obtained for the 15-min contact treatment, followed by 5-min suction time, is probably the most appropriate for predicting soil-solution bacterial concentration in the field.
The results indicated that the likelihood of contamination not being identified was between 1 in 4 and 1 in 2, depending on the sample volume. Contamination resulting in less than 104 CFU 100 mL-1 would most likely not to be obsemed in a sample volume of 1 mL. This suggested that the use of ceramic cup samplers might make it difficult to estimate correctly the bacterial concentration for situations when the contamination potential is low. Under field conditions, the collection of the soil solution may be more difficult if the samples are not close enough to a macropore, as the volume of soil which a porous-cup suction sampler may sample is b t e d (Hart and Lowery 1997) . To increase the chances for successful sampling, the number of samplers used for a field experiment has to b e increased in correlation to the variability in the pore size distribution of a specific soil.
Due to the relatively large filtration effect, the potential contamination with faecal bacteria can be observed only at high values. Using this type of ceramic porous-cup suction samplers may n o t reveal the bacteria contaminaticn potential a t smaller concentrations of bacteria in soil solution. Therefore, while the maximum contaminant potential can be evaluated, the errors at lower bacteria concentration in the soil solution are difficult to estimate. As long as the difference between the initial concentration of bacteria applied to the field and the bacteria concentration in soil solution is considerably higher than the error associated with the sampling method, the evolution of the bacterial concentration with depth may be followed and estimated within the range of error d u e to the technique employed. This assumes that the changes in bacterial concentration with changes in the considered factor are greater than the error d u e to sampling technique (Table 3 ).
